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(57) Abstract: A method of determining cell cycle phase data for cells comprising at least one luminescent reporter capable of 
emitting radiation, the at least one luminescent reporter comprising a first luminescent reporter which is capable of being indicative 
of at least one cell cycle phase, said method comprising: storing classification rules information for classifying individual cells into 
diffcTCTit cell cycle phases using an automated classification process; receiving image data created by detecting radiation emitted 
by said at least one luminescent reporter, analyzing said image data to identify object areas in the image data which correspond to 
individual cells; analyzing said image data, on the basis of said identified object areas, to determine, for a selected cell, one or more 
measurements including a measurement of a parameter relating to at least a cytoplasmic component of the cell; and applying said 
classification rules information to said measurements to classify the selected cell into a selected one of a plurality of sub-populations 
of cells, each sub-population having cells in a different cell cycle phase. 
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Detennining Cell Cycle Phase Data 

Field of the Invention 

5 The present invention relates to methods of d^ermining cell cycle phase 

data for cells, the cells comprising a luminescent reporter which is capable of 
being indicative of at least one cell cycle phase. The invention further relates to 
apparatus and computer software adapted to carry out such a metiiod. 

10 Bacl^roand of the Invention 

There is currently a need in drug discovery and development and in 
general biological research for methods and apparatus for accurately performing 
cell-based assays. Cell-based assays are advantageously employed for assessing 
/ tiie biological activity of chemical compounds. 
15 b addition, there is a need to quickly and inexpensively screen large 

numbers of chemical compoimds. This need has arisen in the pharmaceutical 
industry where it is common to test chemic^ compounds for activity against a 
variety of biochemical targets, for example, receptors, enzymes and nucleic 
acids. Th^e chemical compounds are collected in large libraries, sometimes 
exceeding one million distinct compounds. The use of the term chemical 
compound is intended to be interpreted broadly so as. to include, but not be 
limited to, simple organic and inorganic molecules, proteins, peptides, nucleic 
acids and oligonucleotides, carbohydrates, lipids, or any chemical structure of 
biological interest. 

25 In the field of compound screening, cell-based assays are run on 

populations of cells. The measured response is usually an average over the cell 
population. For example, a popular instrument used for ion channel assays is 
disclosed in U.S. Patent No. 5,355,215. A typical assay consists of measuring 
the time-dependence of the fluorescence of an ion-sensitive dye, the 

30 fluorescence being a measine of the intra-cellular concentration of the ion of 
interest which changes as a consequence of the addition of a chemical 
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compounds The dye is loaded into the population of cells disposed on the 
bottom of the well of a multiwell plate at a time prior to the measurement. la 
general^ the response of flie cells is heterogeneous in botti magnitude said time. 
This variability may obscure or prevent the observation of biological activity 
important to compound screening. The heterogeneity may arise fiom 
experimmital sources, but more importantly, heterogCTeity is fundamental in any 
populaticm of cells. Among others, the origm of the variability may be a 
consequence of the life-cycle divergmce among the population, or the result of 
the evolutionary divergence of the number of active target molecules. A method 
that mitigates, compensates for, or even utilizes the variations would enhance 
the value of cell-based assays in ttie characterization of the pharmacological 
activity of chemical compounds. 

Quantification of the response of individual cells circumvents the 
problems posed by the non-uniformity of that response of a population of cells. 
Consid^ the case where a minor JBraction of the population responds to the 
stimulus. A device that measures the average refuse will have less sensitivity 
flian one deteimining individual cellular response. The latter method generates 
a statistical characterization of flie response profile permitting one to select tfie 
subset of active cells. Additional characterization of the population will 
enhance the interpretation of the re^onse profile. 

The cell cycle is of key inq[>ortance to many areas of drug discovery. On 
the one hand tins fimdamental process provides the opportunity to discover new 
targets for anticancer agents and improved chemotherapeutics, but on the other 
hand drugs and targets in oflier thor^eutic areas must be tested for undesirable 
effects on the cell cycle. Historically, a wide range of techniques have been 
developed to study the cell cycle both as a global biochemical process and at the 
molecular level. 

Known methods include those that produce data describing the 
proliferative activity of a cell population. 

Measuring the incorporation of [^^^C]- or [^-thymidine (Regan, J.D. 
and Chu, EJff. (1966) "A convenient method for assay of DNA synthesis in 
synchronized human cell cultures" J. Cell Biol. 28, 139-143) by scintillation 
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counting was one of the earliest methods of detennining cell prolifCTation, and is 
still widely used today. More recent developments (Graves, R. et al. (1997) 
•^Noninvasive, real-time method for the examination of thymidine uptake 
events-application of the method to V-79 cell synchrony studies" Anal. 
5 Biochem. 248, 251-257) have allowed thymidine incorporation to be measured 
in a homogeneous naicroplate assay format 

Several non-radioactive alternatives to tibymidine incoiporaticm assays 
have been developed. These include enzyme-linked immunosorbent assay 
^LISA) nucleotide bromo-deoxyuridine (RrdU) (Perros, P. and Weigihtman, 
10 DJR. (1991) •Measurement of cell proKferation by enzyme-linked 
immunosorbent assay (BLISA) using a monoclonal antibody to 
bromodeoxyuridine. Cell. Prolif 24, 517-523; Wemme, R et al. (1992) 
•Measurement of lymphocyte proliferation: critical analysis of radioactive and 
photometric methods" Lnmunobiology 185, 78-89) into replicatmg DNA, and 
15 staming of proliferation-specific antigens such as Ki-67 (Frahm, S.O. dt al 
(1998) ••In[q)roved ELISA proliferation assay (EPA) for the detection of m vitro 
cell proliferation by a new Ki-67-antigen directed monoclonal antibody (Ki-S3)" 
J. Immunol. Methods 21 1, 43-50). 

Colourimetric methods based on substrate conversion (Mosmann, T. 
20 (1983) ••Rapid colourimetric assay for cellular growth and survival: application 
to proliferation and cytotoxicity assays** J. hnmunol. Methods 65, 55-63; 
Roehm, N.W. et al. (1991) ''An improved colourimetric assay for cell 
proliferation and viability utilizmg the tetrazolium sal XTT* J. Immunol. 
Methods 142, 257-265) by mitochondrial and other ceUular enzymes are also 
25 used to measure ceU growth. Although these assays are often referred to as cell- 
proliferation assays, strictly speaking they are cell-mass assays. UnUke 
measuring thymidine or BrdU incorporation, these assays do not provide any 
inherent measure of cell cycle progression, and give only a measure of cell 
proliferation, that is, increase in cell number, relative to another population. 
30 Other methods for measure cell proliferation (i.e. increasing cell 

numbers) have been reported based on measuring electrical impedance 
(Upadhyay, P. and Bhaskar, S. (2000) 'Ileal time monitoring of lymphocyte 
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proliferation by an impedance method** J. Lrtmiinol. Methods 244, 133-137), 
dissolved oxygen (Wodnicka, M. et al (2000) ''Novel fluorescent technology 
platform for high throughput cytotoxicity and proliferation assays" J. Biomol. 
Scsreen. 5, 141-152) and others. HowevCT, as for fihe colourimetric assays 
5 discussed above, these do not directly report cell cycle parameters and have not 
been widely adopted. 

All of the above methods provide data on the overall proliferation within 
a cell population under examination, but do not identify the status of individual 
cells. Adq>tation of these assays to imaging, for example by micro- 
10 autoradiogr^hy of or [^''Cl-fliymidme incorporation (Dormer, P. (1981) 
"Quantitative carbon-14 autoradiography at the cellular level: principles and 
plication for cell kinetic studies" Histochem. J. 13, 161-171) or by 
immunocytochonica] or immunofluorescence detection of BrdU (Dolbeare, F. 
(1995) ''Bromodeoxyuridine: a diagnostic tool in biology and medicme. Part I: 
15 historical perspectives, histochemical mefliods and cell kinetics" Histochem. J. 
27, 339-369) permits identification of cells that have traversed S phase, but does 
not yield information on the cell cycle position of other cells under analysis. 

To determine the cell cycle status of all cells in a population it is a 
prerequisite that the analytical technique can resolve at least to the level of a 
20 single cell. Of the two qualifying techniques available, flow cytometry and 
microscopy, flow cytometry has become firmly established as the standard 
method for analysing cell cycle distributioiL 

The DNA content of cell nuclei varies through the cell cycle in a 
predictable fashion - cells in G2 or M have twice the DNA content of cells in 
25 Gl, and cells undergoing DNA synthesis in S phase have an intemiediate 
amount of DNA. Consequently, staining of cellular DNA with propidium iodide 
(Nairn, R.a and Rolland, J.M. (1980) *Tluorescent probes to detect lymphocyte 
activation** Clin. Exp, Immunol. 39, 1-13) or other fluorescrat dyes (Smith, P J. 
et al (2000) "Characteristics of a novel deep red/infirared fluorescent cell- 
30 permeant DNA probe, DRAQ5, in intact human cells analyzed by flow 
cytometry, confocal and multiphoton microscopy*" Cytometry 40, 280-291) that 
are compatible with live cells, followed by flow cytometry permits measurement 
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Of the relative proportion of cells in Gl, S and G2/M phases. Howevw, analysis 
by propidinm iodide staining and flow cytometry is necessarily destructive and 
hence requires multq>le sanq)les to study cell cycle progression, which can 
become rale limiting where many hundreds of sanq>les are to be analysed. In 
5 addition, flow cytometry does not yield fine resolution of ceU cycle position in 
G2/M as the DNA content is flie same in all cells. 

A combmation of DNA staining with pulsed BrdU incorporation 
(Dolbeare, F. et aL (1983) "Flow cytometric measuremoit of total DNA contCTt 
and incorporated bromodeoxyuridme" Proc. NaU. Acad. Sd. U.S.A. 80, 5573- 
10 5577) can be used to resolve the ceU cycle position further. Dual-parameter 
analysis of DNA staining and/or BrdU incorporation can also be used with 
antibodies to cell-sur&ce markers to profile cell cycle distribution in a defined 
sub-population of cells (Mehta, BJ^ and Maino, V.C. (1997) "Simultaneous 
detection of DNA synttiesis and cytokine production in st^hylococcal 
15 enterotoxin B activated CD4*r lymphocytes by flow cytometry" J. finmunol. 
Methods 208, 49-59; Johannisson, A. et al. (1995) "Activation markers and cell 
proliferation as indicators of toxicity: a flow cytometric approach" Cell Biol. 
Toxicol. 11, 355-366; Penit, C. and Vasseur, F. (1993) "Phenotype analysis of 
cycling and postcycling thymocytes: evatoation of detection methods for 
20 BrdUrd and surface proteins" Cytometry 14,757-763). 

Although to date flow cytometry has remained the dominant method for 
analysing the cell cycle, many of the above techniques have also been applied to 
microscopic analyses (Gorczyca, W. et al. (1996) "Laser scanning cytometer 
CLSQ analysis of firaction of labeled mitoses^LM)" Cell Prolif. 29, 539-547; 
25 aatch, R.J. and Foreman, J.R. (1998) 'Tive-colour immunqphenotyping plus 
DNA content, analysis by laser scanning cytometry" Cytometry 34, 36-38). 

The techniques described above all provide information in various forms 
firan a single point in time (e.g. propidinm iodide staining for DNA content) or 
integrated over a period of time (e.g. thymidine or BrdU incorporation). One 
30 further technique, cell-division trackmg (Nordon, R.E. et al. (1999) "Analysis of 
growth kinetics by division tracking" Lnmunol. CeU Biol. 77, 523-529; Lyons, 
A.B. (1999) "Divided we stand: tracking ceU proliferation with 
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carboxyfluorescein diacetate succinimidyl estef* Lnmunbl. Cell. Biol. 77, SOP- 
SIS), allows the replicative history of a cell population to be analysed. In this 
method cells are loaded with a fluorescent dye such as carboxy-fluoiescem 
diacetate succinimidyl ester (CFSE), which is partitioned between daughter cells 
5 at each successive round of cell division with a twofold reduction in 
fluorescence. Subsequent analysis of cell fluorescence by flow cytometry 
reveals the number of cell divisions undergone by each cell in the population. 
This technique has also been used in muM-parameter anal^es combined with 
BrdU and proliferation-marker staining (Hasbold» J. and Hodgldn, PJD. (2000) 

1 0 *Tlow cytometric cell division tracking using nuclei" Cytometry 40, 230-237). 

International patent application WO 01/1 1341 describes a meflxod for the 
automated measuremrat of the mitotic index of cells using fluorescence 
imaging. The technique involves immunoflourescence which reports 
specifically on mitotic cells by a signal emitted J&om the nuclei fliereof. By 

IS detecting the number of mitotic cells compared with the number of nuclei 
detected in a sq>arate fluorescence channel, the mitotic index is determined. 
The technique involves simply coimting cells having a signal above a given 
threshold, and is unsuited for the detection of cell cycle phases other than 
mitosis. 

20 The application of GEP and imaging techniques to.cell cycle analysis has 

enabled significant advances to be made in understanding the tuning of the 
molecular events that control the cell cycle. Fusing GEP witii key ceU-cycle- 
control protems (RaB^ J-W. et al (2002) •The roles of Fzy/Cdc20 and Fzr/Cdhl 
in regulating the destruction of cyclin B in space and time" J. Cell Biol. 1S7, 

25 1139-1149; Zeng, Y. et al. (2000) '"Minimal requirements for tiie nuclear 
localization of p27(Kipl), a cyclin-dependent kinase inhibitor^' Bicohem. 
Biophys. Res. Commun. 274, 37-42; Huanfe J. and Raff. J.W. (1999) 'The 
disappearance of cyclin B at the end of mitosis is regulated spatially in 
Drosophila cells" EMBO J. 18, 2184-219S; Weingartner, M. et al. (2001) 

30 *T>ynamic recruitment of Cdc2 to specific microtubule structures during 
mitosis'' Plant Cell 13, 1929-1943; Amaud, L. et aL (1998) "GFP taggmg 
reveals human Polo-like kinase 1 at the kmetochore/centromere region of 
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mitotic chromosomes" Chiomosoma 107, 424-429) and other ceMidar 
components (Kanda, T. et aL (1998) 'Histone-GFP fusion protein enables 
sensitive analysis of chromosome dynamics in living mammalian cells" Cmr. 
Biol. 8, 377-385; Reits, et al. (1997) "Dynamics of pioteasome distribution 
5 in living cells" EMBO J. 16. 6087-6094; Tatebe, H. et al. (2001) "Fission yeast 
living mitosis visualized by GFP-tagged gaie products" Micron 32, 67-74) has 
provided significant insights into fte molecular organisation behind the cell 
cycle. However, although these specialised approaches provide valuable data on 
the mechanisms and components involved, they are not genraic methods for 
10 monitoring the cell cycle. 

Sn0iinary of tihe Ijaveiitioii 

In accordance with an anbodiment of the invention, fhere is provided a 
method of determining cell cycle phase data for cells comprising at least one 
luminescent reporter capable of emitting radiation, the at least one luminescent 
reporter comprising a first luminescent reporter which is capable of being 
indicative of at least one cell cycle phase, said method comprising: 

storing classification information for classifying individual cells into 
different ceH cycle phases using an automated classification process; 

receiving image data created by detecting radiation emitted by said at 
least one luminescent reporter; 

analyzing said image data to identify object areas in the image data 
which correspond to individual cells; 

analyzing said image data, on the basis of said identified object areas, to 
detamine. for a selected cell, one or more measurements including a 
measurement of a parameter relating to at least a cytoplasmic component of the 
cell; and 

applying said classification information to said measurements to classify 
4e selected ceD mto a selected one of a plurality of sub-populations of cells, 
each sub-population having cells in a different ceU cycle phase. 
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The invention provides methods of analysis of luminescent imaging on 
cell populations in a manner that is rapid and vmatile for use in high thiou^^ut 
compound screening. 

Further features and advantages of tiie invention will become apparent 
fi^m tiie following description of preferred embodiments of the invention, given 
by way of example only, which is made with reference to the accompanying 
drawings* 

Brief Description of the Drawings 

Figure 1 is a schematic view of a first embodiment of a line-scan 
confocal microscope used to image samples according to the present invention. 

Figures 2A and 2B are, respectively, a top view and a side view of the 
ray path of a multicolour embodiment of the present invention, without a 
scanning mirror. Figure 2C is a top view of the ray path of a single beam 
autofocus. 

Figures 3 A and 3B are, respectively, a top view and a side view of the 
ray pafli of the multicolour CTibodiment of the present invention with the 
scanning minor. Figure 3C is a top view of the ray path of flie single beam 
autofocus. 

Figure 4 is a side view of the two beam autofocus system. 
Figures 5A, 5B and 5C illustrate a rectangular CCD camera and readout 
register. 

Figure 6 is a schematic illustration showing data processing components 
m an imaging a data processing system arranged in accordance with an 
embodiment of the invention. 

Figure 7 is a schematic diagram illustrating cell cycle position nucleic 
acid reporter constructs used in an embodiment of the present invention. 

Figure 8 ^ows a DNA construct for detemuning the G2/M phase of the 
cell cycle. 

Figure 9 is a schematic diagram illustrating cyclin Bl regulation during 
cell cycle progression. The cell cycle proceeds in the direction of the arrow with 
cyclin Bl expression driven by a cell cycle phase-specific promoter which 
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initiates expression at the end of the S phase and peaks during G2 (A). At tbe 
start of mitosis (B) cyclin Bl translocates fiom the cytoplasm to the nucleus and 
fixjm metaphase onwards (Q the protdn is specifically degraded. 

Figure 10 is a schematic illustraticm showing typical intensity and 
distribution of signals in a cell including a fluorescent r^orter in accordance 
wifli an embodiment of flie invention, in each of tiie GO/GI, S, G2 and Mitotic 
(M) cell cycle phases. 

Figure 11 shows a set of pie graphs iUustratmg flie relative sizes of the 
suhi)opulations of cells in each of the GO/Gl/S, G2, Prophase and Mitotic ceU 
<rycle phases, as detomined ush^g an automated analysis in accordance wifli flie 
invoiticni, in each of an unsyncfaroimzed cell population, acolchicine treated cell 
population and a mimosine treated cell population. 

Figure 12 shows a gr^h ilhistrating the locations of diffoent ceU cycle 
phases relative to thresholds set in a third embodiment of the invention. 

Figure 13 is a schonatic illustration showing typical intensity and 
distribution of signals in a cell inchiding a fluorescent r^orter in accordance 
with an embodiment of the invention, m each of flie met^hase, an^hase, 
telophase, and cytokinesis cell cycle phases. 



Detailed Descr^tion of die Invention 

The present invention is useful for identifying pharmacological agents 
for the treatmoit of disease. It provides a high throughput method for 
conductmg a wide variety of biological assays where one or more luminescent 
maikers are employed to measure a biological response. Such assays can be 
conducted on cheanical compounds or any molecule of biological interest, 
included but not limited to drug candidates, such as those found in combinatorial 
libraries will allow the high throughput screening of chemical compounds of 
biological interest, including but not limited to drug candidates, such as those 
found in combinatorial libraries. 

The techniques of the present invention may be used in assays in which 
data are acquired on individual cells, on a celhilar or sub-cellular level. 
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sufficiently rapidly so as to permit the acquisition of such data on a sufficient 
number of cells to constitute a statistically meaningful sample of the cell 
population. 

These assays may make use of any known fhiorophore or fluoiesc^t 
label including but not limited to ihiorescein, ihodamine, Texas Red, Amersham 
Corp. stains Cy3, Cy5, Cy5.5 and Cy7, Hoechst's nuclear stains and Coumaiin 
stains. (See Haug^and RJP. Handbook of Fluorescent Probes and Research 
Chemicals 6* Ed., 1996, Molecular Probes, Inc., Eugene, Qre^.) 

Optical Confipr nration 

Figure 1 shows a JBrst embodimesat of the present invention. The 
microscope conq>rises a source 100 or 110 of electromagnetic radiation for 
example, in the optical rang^ 350-750nm, a cylindrical lens 120, a first sKt 
ma* 130, a first relay lens 140, a dichroic mirror 150, an objective lens 170, a 
microtiter plate 180 containing a two-dimoisional array of sample wells 182, a 
tube lens 190, a filtor 200, a second slit mask 210 and a detector 220. These 
elements are arranged along optical axis OA with slit ^>atures 132, 212 in 
masks 130, 210 extending perpendicular to the plane of Figure 1. The focal 
lengAs of loises 140, 170 and 190 and die spacings between these Imses as well 
as the spadngs between mask 130 and lens 140, between objective lens 170 and 
microtito- plate 180 and between lens 190 and mask 210 are such as to provide a 
confocal microscope. In this embodiment, electromagnetic radiation fix)m a 
lamp 100 or a laser 110 is focused to a line using a cylindrical lens 120. The 
shape of the line is optimized by a first slit mask 130. The slit mask 130 is 
depicted in an image plane of the optical system, that is in a plane conjugate to 
the object plane. The illumination stripe formed by the 2q)erture 132 in the slit 
mask 130 is relayed by lens 140, dichroic mirror 150 and objective lens 170 
onto a microtiter plate 180 which contains a two-dimensional array of sample 
wells 182. For convenience of illustration, the optical elements of Figure 1 are 
depicted in cross-section and the well plate in perspective. The projection of the 
line of illumination onto well plate 180 is depicted by Kne 184 and is also 
understood to be peipendicular to the plane of Figure 1. As indicated by arrows 
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A and B, well plate 1 80 may be moved in two dimensions Qi, Y) parallel to the 
dimensions of the anay by means not shown. 

In an alternative embodimeat, the slit mask 130 resides in a Fourier 
plane of the opticai system, that is in a plane conjugate to ihe objective back 
focal plane (BEP) 160. Jn this case the aperture 132 lies in the plane of flie 
figure, the lens 140 relays tfie illumination stripe formed by the aperture 132 
onto the back focal plane 160 of the objective 170 which transfonns it into a line 
184 in Uie object plane perpendicular to flie plane of Figure 1 . 

In an additional alternative ranbodiment die slit ma^ 130 is r^noved 
enthrely. According to ^s embodiment, flie illummation source is the laser 110, 
the ligjit firon which is focused into the back focal plane 160 of the objective 
170. This can be accomplished by the combination of die cylindrical lens 120 
and the spfherical lens 140 as shown in Figure 1, or the iUumination can be 
focused direcUy into die plane 160 by the cylindrical 1^ 120. 

An image of die san^le area, for example a sample in a sample well 1 82, 
is obtained by projecting the line of illununation onto a plane within die sample, 
imaging die fluorescence emission dierefixmi onto a detector 220 and moving 
die plate 180 in a direction perpendicular to die line of illumination, 
synchronously widi die reading of die detector 220. In die embodiment depicted 
in Figure 1, the fluorescence emission is collected by the objective lens 170, 
projected dnrough the dichroic beamsplitter 150, and imaged by lens 190 
dnou^ filters 200 and a second slit mask 210 onto a detector 220, such as is 
appropriate to a confocal imaging system having an infinity-corrected objective 
lens 170. The dichroic beamsplitter 150 and filter 200 preferentially block light 
at die iUumination wavelengdi. The detector 220 illustratively is a camera and 
may be ddier one dimensional or two dimensional If a one dimensional 
detector is used, slit mask 210 is not needed. The iUumination, detection and 
halation procedures are continued until die prescribed area has been imaged. 
Mechanical motion is simplified if die sample is translated at a continuous rate. 
Continuous motion is most useful if die camera read-time is smaU compared to 
die exposure-time. In a preferred embodiment, die camera is read continuously. 
The displacement d of die sample during die combined exposure-time and read- 



2004/088573 PCT/GB2003/003876 

12 

time may be greater fiban or less thaa the width of the illmnination line W, 
exen^larily 0.5W ^ AH of the weUs of a multiwell plate can be imaged 

in a similar manner. 

Alternatively, the microscope can be configured to focus a line of 
illumination across a nmnb^ of adjacoit wells, linuted primarily by the field-of- 
view of the optical systCTi. Finally, more than one microscope can be used 
simultaneously. 

The size and shape of tfie illumination stripe 184 is detennined by the 
vndih and length of the Fourier transform stripe in the objective lens back focal 
plane 160. For example, the length of flie line 1 84 is detemuned by the width of 
the Ime in 160 and conversely the width m 184 is detemuned by the length in 
160. For dif&action-limitedperfomiance, the length of the illumination st^ 
160 is chosen to overfill the objective back ^erture. It will be evident to one 
skilled in file art that the size and sh^ of the illumination stripe 184 can be 
controlled by the combination of the focal length of the cylindrical lens 120 and 
the beam size at 120, that is by the eflFective numerical aperture in each 
dimension, within the restrictions imposed by aberrations in the objective, and 
the objective field of view. 

The dimensions of the line of illumination 184 are chosen to optimize 
file signal to noise ratio. Consequentiy, fiiey are sample dependent Depending 
on the assay, the resohition may be varied between diffraction-limited, /.e, less 
than 0.5 ;mi, and ^proximately 5 fan. The beam length is preferably 
detemuned by the objective field of view, exemplarily between 0.5 and 1.5 mm. 
A Nikon ELWD, 0.6 NA, lOX objective, for example, has a field of view of 
approximately 0.75 mm. The diffraction-limited resolution for 633 nm radiation 
with this objective is ^>proximately 0.6 /mi or approximately 1100 resolution 
elements. 

The effective depth resolution is detennined principally by fiie width of 
aperture 212 in slit mask 210 or the widfii of the one dimensional detector and 
the image magnification created by flie combination of the objective lens 170 
and lens 190. The best depth resolution of a confocal microscope q>proaches 1 
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laxL Jn the present application, a deptii resolution of 5-10 fxm may be sufficient 
or even advantageous. 

For example, when the sample of interest, such as a live cell, contains 
insufScient fluorophores in a difiGraction-limited volume to permit an adequate 
signal-to-noise image in a su£Bciently brief image-acquisition time, it is 
advantageous to illuminate and collect the CTussion fix>m a larger than 
difBraction-limited volume. A similar situation prevails in the case of video-rate 
kinetics studies of transient esv&ats such as ion-channel opienings. Practically, 
this is accomplished by underfilling the back aperture of the objective lens, 
which is equivalent to increasing the diameter of the illumination sperture. The 
eflFective numerical ^erture ("NA") of the illumination is less than the NA of 
the objective. The fluorescence emission is, however, collected with the fiill NA 
of the objective lens. The width of q)erture 212 must be ina^ased so as to 
detect emission fcom the larger illumination volume. At an aperture width a few 
times larger than the difGraction limit, geometrical optics provides an adeqtiate 
approximation for the size of the detection-volume element: 

Latetal Width: aa = dj/M, 

Axial Width: Zd = y/laayfana, 
where M is the magnification, dj is the width of aperture 212 and a is the half- 
angle subtended by the objective 170. It is an important part of the present 
invention that the illumination q)erture 132 or its equivalent in the embodiment 
having no feature and the detection aperture 21 2 be independently controllable. 

Multi-Wav elength Configuration 

An embodiment enabling multi-wavelength fluorescence imaging is 
preferred for certain types of assays, hi this way, image data can be generated 
for the same area bdng imaged in each of a plurality of different colour channels 
simultaneously. 

The number of independent wavelengths or colours will depend on the 
specific assay being performed. In one embodiment three illuminatian 
wavelengths are used. Figs. 2A and 2B depict the ray paths in a three-colour 
line-scan confocal imaging syston, &om a top view and a ade view 
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respectivdy. Jn general, the system coiiq)rises several sources Sn of 
electromagnetic radiation, collimating lenses U, and mirrors M« for producing a 
collimated beam that is focused by cylindrical lines CL into an elongated beam 
at first spatial filter SFi, a conibcal microscope between first spatial filter SFi, 
5 and second spatial filter SF2 and an imaging lens IL» beamq)Ktters DMi and 
DM2 and detectors &t separatmg and detecting the different AvavelengOi 
components of fluorescent radiation from the sample. Spatial filters SF, and SFi 
and SF2 preferably are slit masks. 

In particular. Figure 2A depicts sources. Si, S2 and S3, for colours \, >2 
10 and Xa, and lenses L,, L2 and L3 that collimate the light fiom the respective 
sources. Laises Li, U and U. preferably are adjusted to compensate for any 
chromaticity of the other lenses in the system. Mirrors M,, M2 and M3 are used 
to combine the iUmnination colours fiom sources S„. The nmrors M2 and M, 
are partially transmitting, partially reflecting and preferentiaUy dichroic. M2, for 
example, should preferentially transmit ^3, and preferentially reflect hi. It is thus 
preferraitial fliat >3 be greater flian \2. 

Operation of the microscope in a confocal mode requires that the 
combined excitation beams fiom sources S„ be focused to a "line", or an highly 
eccentric elKpse, in the object plane OP. As discussed in connection to Figure 1 
20 above, a variety of configurations may be used to accomplish this. In the 
embodiment dqaicted in Figure 2. the combined iUumination beams are focused 
by cylindrical lens CL into an elongated ellipse that is coincident with the slit in 
flie qjatial filter SF,. As drawn in Figs. 2A and 2B, the sKt mask SF, resides in 
an image plane of the system, aligned perpendicular to the propagation of the 
25 iUumination light and with its long axis in the plane of the page of Figure 2A. 
The lenses TL and OL relay the illumination line fiom the plane containing SFi 
to the object plane OP. A turning mirror, TM, is for convenience. In another 
embodiment, DM3 is between TL and OL and CL focuses tfie illuminatian light 
direcUy into the BFP. Other embodiments will be evident to one skilled in the 
30 art 

Referring to Figure 2B, the light emitted by the sample and collected by 
the objective lens, OL, is imaged by the tube lens, TL, onto the spatial filter. 
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SF2. SF2 is preferentially a slit aligned so as to extend peipendicular to the plane 
of flie page* Thus, the light passed by filter SF2 is substantially a line of 
illumination. SF2 may be placed in the primary image plane or any plane 
conjugate tiiereto. DM3 is partially reflecting, partially transmitting and 
preferably "multichroic'\ Multi-wavelength •'dichroic" minors, or •teultichroic" 
mirrors can be obtained that preferentially reflect certain wavelCTigfh bands and 
preferentially transmit others. 

Here, Shi will be defined to be the fluorescence enodssion excited by \ 
This will, in general, be a distribution of wavel^gtiis somewhat longer than J^. 
d>2 and 5>3 are defined analogously DM3 preferentially reflects \, and 
preferentially transmits if=1,23. The light transmitted by SF2 is imaged 
onto the detection devices, which reside in planes conjugate to the primary 
image plane. In Figure 2A, an image of the spatial filter SF2 is created by lens 
IL on all three detiectors, Dn. This embodiment is preferred in applications 
requiring near-perfect registry between the images generated by the respective 
detectors. In another enibbdiment, individual lenses ILn are associated with the 
detection devices, the lens pairs XL and lU serving to relay the unage of the 
spatial filter SF2 onto the respective detectors D„. The light is split among the 
detectors by mirrors DMi and DM2. The mirrors are partiaUy transmitting, 
partially reflecting, and preferentially dichroic. DMi preferentially reflects 8\x 
and preforentially transmits d>Q and 6>3. The blocking filter, BFi, preferentially 
transmits 5Xi effectively blocking all other wavelengths present. DMz 
preferentially reflects 87^ and preferentially transmits 5>q, The blocking filters, 
BF2 and BF3, preferentially transmit 8>q and 67^ respectively, effectively 
blocking all other wavelengths present 

Scanning Mirror Configuration 

In some embodiments of this invention, rapid data acquisition is 
provided by framing images at video rates. Video-rate imaging allows up to 30 
or even 60 frames per second. In the present use, it is intended to connote frame 
rates with an order-of-magnitude of 30 Hz. In a preferred embodiment, video- 
rate imaging is achieved by illuminating along one dimension of flie sample 
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plane and scanning the iUumination beam in tbe direction peipendicular thereto 
so as to effect a relative translation of the illumination and sample. The 
scanning stage is generally massive. Consequentiy, it cannot be moved 
sufidently rapidly. 

Figure 3 depicts an embodimrat of the invention utilizing a scanning 
mirror, SM. The mirror is advantagrausly placed in a plane conjugate to the 
objective back focal plane (BFP): A rotation in the BFP (or a plane conjugate 
thereto) effects a translation in the object plane (OP) and its conjugate planes. 
The full scan range of SM need only be a few degrees for typical values of the 
focal lengths of ttie lenses RLi and RL2. As shoivn in Figure 3, tihis lens pair 
images the BFP onto the SM at a magnijBcation of one, but a variety of 
magnifications can be advantageously used. The limiring factors to the image 
acquisition rate are tiie camera read-rate and the signal strragth. M the imaging 
mode described above, data can be acquired continuously at the camera read- 
rate, exemplarily 1 MElz. With a scanning mirror, it is preferable to acquire data 
uni-directionally. The idealized scanning motion allowing one to acquire data 
continuously is the sawtooth. In practice, the combination of tum-around and 
return scan times will constitute --1/3-2/3 of the scan period. Assuming 50% 
dead-time, a mirror oscillation firequency of 50 Hz and a pixel acquisition rate of 
1 MHz, -10,000 pixels would be acquned per frame at 50 frames per second, 
which is suffidCTt to define and track individual objects, such as cells, &om 
firame to frame. 10"* pixels per image is, however, 10^-times fewer than was 
generally considered above. Depending on the application, it is advantageous to 
acquire relatively smaller images at high resolution, e.g. 50-/im X 50-/im at 0.5- 
fim X 0.5-1101 pixelation, or relatively larger images at lower resolution, e.g. 
200-/an X 200-/mi at 2-/im pixelation. 

Autofocus 

In preferred embodiments of the present invention, the sample lies in the 
object plane of an imaging system. Accordingly, an autofocus mechanism is 
used tiiat maintains the portion of the sample in the field-of-view of the imagmg 
systCTi witiiin flie object plane of that system. The precision of planaiity is 
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detennined by the dq)tli-of-field of the system. In a prefeired embodiment, the 
depth-of-field is approximately 10 /tan and the field-of-view is approximately 1 

The autofoctis ^em operates with ne^gible delay, that is, the 
5 response time is short relative to the image acquisition-time^ exanplaiily 0.01- 
0.1 s. In addition, the autofocus light source is indq>endent of the iUumination 
light sources and Ae sanq>le properties. Among other advantages, fliis 
configuration permits the position of the sample canier along the optical axis of 
flie imaging system to be detemiined indq>endent of the position of the object 
10 plane. 

Embpdimoits of single-beam autofixms are shown in Figs. 2C and 3C, 
where a sqjarate Kgjit source, S4 of wavelength ^4, and detector D4 are shown. 
The wavelength X» is necessarily distinct fixan the sample fluorescence, and 
preferentiany a wavelength fbat cannot excite ^jpredable fluorescence in the 
sample. Thus, is preferentially in the near infrared, exwnplarily 800-1000 
nm. The partially transmitting, partially reflecting minor, DM4. is preferentiany 
dichroic, reflecting X« and transmitting \ and 6K n=U,3. Optically-based 
autofocus mechanisms suitable for the present application are known. For 
example, an astigmatic-l«is-based system for the generation of a position error 
signal suitable for servo control is disclosed in Applied Optics 23 565-570 
(1984). A focus error detection system utilizing a "skew beam" is disclosed in 
SPm 200 73-78 (1979). The latter approach is readily implemented according 
to Figs. 2C and 3C, where D4 is a split detector. 

For use with a microtiter plate having a sample residing on the weU 
25 bottom, the servo loop must, however, be broken to move between wells. This 
can result in substantial time delays because of the need to refocus each time the 
illumination is moved to another well. 

Continuous closed-loop control of the relative position of the sample 
plane and the object plane is provided in a preferred embodiment of the present 
invention, depicted in Figure 4. This system utilize two independent beams of 
electromagnetic radiation. One. originating from S5, is focused on the 
continuous surface, exemplarily the bottom of a microtiter plate. The other. 
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originatiiig ficom S4, is focused on discontinuous surface, ^emplarily the 
well bottom of a microtiter plate. In one onbodiment the beams originating 
fiom S 4 and Ss have wavelengths X« and Tsg, respectively. A« is collimated by L*, 
q>ertured by iris I,, and focused onto the discontinuous surface by the objective 
lens OL. is collimated by L3, q>ertUFed by iris I5, and focused onto the 
continuous sur&ce by the lens CFL in conjunctiQn with the objective lens OL. 
The reflected light is focused onto the detectors D4 and D5 by ttie lenses IL4 and 
IL5, respectively. The partially transmittfaig, partially reflecting mirror, DM4, is 
preferentially dichroic, reflecting A* and and transmitting \ and d>^ n=l,2,3. 
The minors, M4, M5 and Me, are partially transmitting, partially reflecting, hi 
flie case that and As are distinct. Me is prefiarentialfy dichroic. 

According to flie embodiment whorein ft& sample resides in a miciotit^ 
plate, \t is focused onto tiie well bott<nn. The object plane can be ofifeet fiom 
the well bottom by a variable distam^e. This is accomplished by adjusting L4 or 
alternatively by an offset aiQustinrait in the servo control loop. For convenience 
of description, it will be assumed that A* focuses in the object plane. 

The operation of the autofocus system is as follows. If the bottom of the 
sample well is not in flie focal plane of objective lens OL, detector D4 generates 
an earor signal tiiat is supplied through switch SW to flie Z control. The Z 
control contixils a motor (not shown) for moving the microtiter plate toward or 
away fiom flie objective lens. Alternatively, flie Z control could move flie 
ol^jective lens. If flie bottom PB of flie microtiter plate is not at flie focal plane 
of flie combination of flie lens CFL and flie objective lens OL, detector D5 
genraates an enror signal that is applied flirough switch SW to tiie Z control. An 
XY control controls a motor (not shown) for moving flie microtiter plate in flie 
object plane OP of lens OL. 

As indicated, the entire scan is under computer control. An exemplary 
scan follows: At flie completion of an image in a particular weU, flie computer 
operates SW to switch control of flie servo mechanism from flie eiror signal 
generated by D4 to tiial generated by D5; flie computer flien directs flie XY 
contix>l to move flie plate to flie next well, after which flie servo is switched back 
toD4. 
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The "coarse" focu^g mechanism utilizing the signal from the bottom of 
the plate is used to maintain the position of the sample plane to within the well- 
to-well variations in the thickness of the plate bottom, so that the lange over 
which flie "fine" mechanism is required to search is minimized. 1^ for example, 
the diameter of the iris I5 is 2 mm and IL5 is 1 00 mm, then the image size on the 
detector will be ~ 100 /im. Similarly, if the diameter of the iris !♦ is 0.5 mm and 
IL4 is 100 mm, then the image size on the detector will be ~ 400 /an. The latter 
is chosen to be less sensitive so as to function as a "coarse" focus. 

As wifli Ae single-beam embodiment described above, fte wavelengths 
and >5 are necessarily distinct firon the sample fluorescence, and 
preferentially wavelengths that cannot excite ^redable fluorescence in the 
sample. Thus, X4 and are preferentiaUy in flie near infiared, such as 800-1000 
nm. Li addition, the two wavelengths are preferably distinct, for example \i = 
830nm,}y5 = 980 

In an alternative embodiment of two-beam autofocus, X, = X5 and flie two 
beams may originate fiom the same source. Preferentially, the two beams are 
polarized peipendicular to one anothw and Mg is a polarizing beamsphtter. 

Pseudo-closed loop control is provided in the preferred embodiment of 
single-beam autofocus which operates as follows. At the end of a scan the 
computer operates SW to switch control to a sample-and-hoM device which 
maintains the Z control output at a constant level while the plate is moved on to 
tile next well after which SW is switched back to D4. 

Detection Devices 

A detection device is used having manifold, independent detection 
elements in a plane conjugate to flie object plane. As discussed above, line 
iUumnation is advantageous principaUy in applications requiring rapid imaging. 
The potential speed increase inherent in die paraUelism of line illumination as 
compared to point iUumination is, however, only realized if flie imaging system 
is capable of detecting flie light emitted &om eadi point of flie sample along tiie 
illununatioa line, simultaneously. 
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It is possible to place a charge-coiq>led device (CCD), or other camera, 
at the output of the prior art imaging systems described above (White et al., US 
5,452,125 and Brakenhoff and Visscher, J. Microscopy 171 17-26 (1993)). The 
resulting .^>paratus has three significant disadvantages compared to the present 
5 invention. One is the requirement of rescanning the image onto the two- 
dimensional detector, which adds unnecessary conq)lexity to the apparatus. 
Another is the requirement of a full two-dimensional detector having sufficient 
quality over tfae 1000 pixel x 1000 pixel array that typically constitutes &6 
camera. The third disadvantage is the additional time required to read tfae full 

1 0 image fiom the two-dimensional device. 

To avoid these disadvantages and optimize not only imaging speed, 
within the constraints of hig^sensitivity and low-noise detection, but also 
throughput, a continuous-read line-camera is used and in a preferred 
embodiment a rectangular CCD is used as a line-camera. Both embodiments 

15 have no dead-time between lines within an image or between images. An 
additional advantage is that a larger effective field-of-view is achievable in the 
stage-scanning embodiment, discussed below. 

The properties required of the detection device can be further clarified by 
considering the following preferred embodiment. The resolution limit of the 

20 objective lens is < 1 fan, typically -0.5 fon, and the detector comprises an array 
of -1000 independent elraatents. Resolution, field-of-view (FOV) and image 
acquisition-rate are not independent variables, necessitating compromise among 
these performance parameters, hi general, the magnification of the optical 
system is set so as to image as large a FOV as possible without sacrificing 

25 resolution. For example, a --1 mm field-of-view could be imaged onto a 1000- 
element array at l-/mi pixelation. If the detection elements are 20-/an square, 
then the system magnification would be set to 20X. Note that this will not result 
in l-/mi resolution. Pixelation is not equivalent to resolution. If, for example, 
the inherent resolution limit of the objective lens is 0.5 imi and each 0.5 ixm X 

30 0.5 fim region in the object plane is mapped onto a pixel, the true resolution of 
the resulting digital image is not 0.5 /im. To achieve true 0.5-/mi resolution, the 
pixelation would need to correspond to a region -0.2 /mi X 0.2 /mi in the object 
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plane. In one prefened embodiment, the magnification of the imaging system is 
set to achieve the true resolution of the optics. 

Presently, the highest detection eflSciency, lowest noise detection 
devices having sufficient read-out speed for the present applications are CCD 
cameras. In Figure 5, a rectangular CCD camera is depicted having an m x n 
array of detector elements where m is substantially less than il The image of 
the fluorescence emisdon covers one row that is preferably proximate to the 
read register. This minimizes transfer time and avoids accumulating spurious 
counts into the signal from the rows between the illuminated row and the read- 
register. 

In principle, one could set the magnification of the optical system so that 
the height of the image of the slit SF2 on the CCD camera is one pixel, as 
dq>icted in Figure 5. In practice, it is difficult to maintam perfect alignment 
between flie illumination line and the camera row-axis, and even more difficult 
to maintain alignment among three cameras and the illumination in the multi- 
wavelength CTibodiment as exemplified in Figs. 2 and 3. By binning together a 
few of the detector elements, exemplarily two to five, in each column of the 
camera the ali^unent condition can be relaxed while suffering a minimal 
penalty in read-noise or read-time. 

An additional advantage of the preferred embodiment having one or 
more rectangular CCD cameras as detection devices in conjunction with a 
variable-width detection spatial filter, SF2 in Figs. 2 and 3 and 210 in Figure 1, 
each disposed in a plane conjugate to the object plane, is elucidated by the 
following. As discussed above, in one embodiment of the present invention the 
detection spatial filter is omitted and a line-camera is used as a combined 
detection spatial filter and detection device. But as was also discussed above, a 
variable-width detection spatial filter pennits the optimization of the detection 
volume so as to optimize the sample-dependent signal-to-noise ratio. The 
following preferred embodfanent retains the advantage of a line-camera, namely 
speed, and the flexibility of a variable detection volume. The magnification is 
set so as to image a diffi^ction-limited line of height h onto one row of the 
camera. The width of the detection spatial filter d is preferably variable h <d ^ 
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lOh. The detectors in the illtuninated columns of the camera are binned, prior to 
reading, i^ch is an operation that requires a negligible time compared to the 
exposure- and read-times. 

In one preferred onbodiment, the cameras are Princeton Instruments 
5 NTE/CCD-1340/lOO-EMD. The read-rate in a preferred embodiment is 1 MHz 
at a few electrons of read-noise. The pixel format is 1340x100, and the camera 
can be wired to shift the majority of the rows (80%) away from the region of 
interest, making the camera effectively 1340x20. 

In addition to the above mentioned advantage of a continuous read 

10 camera, namely die absence of, dead-time between successive acquisitions, an 
additional advantage is that it permits the acquisition of rectangular images 
having a length limited only by tiie extent of die sanqple. The length is 
determined by the lesser, of the camera width and the extent of the line 
illumination. Jn a preferred embodiment the sample is diq>osed on the bottom 

15 of a well in a 96-well microtiter plate, the diameter of which is 7 mm. A strip 1 
jum X 1 mm is illuminated and the radiation emitted fiom the illuminated area is 
imaged onto the detection device. The optical train is designed such that the 
field-of-view is --Imm^. According to the present invention, an image of the 
well-bottom can be generated at l-;mi pixelation over a 1 X 7-mm field. 

20 

Environmental Control 

In an ^ibodiment of the present invention, assays are performed on live 
cells. Live-cell assays j&equently require a reasonable approximation to 
physiological conditions to run properly. Among the important parameters is 

25 temperatiu-e. It is desirable to incorporate a means to raise and lower the 
tempemture, in particular, to maintain the temperature of the sample at 37*0. In 
another embodiment, control over relative humidity, and/or CO2 and/or O2 is 
necessary to maintain the viability of live cells. In addition, controlling 
humidity to minimize ev^oration is important for small sample volumes. 

30 Three embodiments providing a microtiter plate at an elevated 

temperature, preferably 37'C, compatible with the LCI system follow. 
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The imaging system preferably resides witbin a light-proof enclosure. In 
a first embodiment, the sample plate is maintained at the desired temperature by 
maintaining the entire interior of the enclosure at that ten^raature. At 3T»C, 
howevar, unless elevated humidity is pmposelully maintained, evaporation 
5 cooling win reduce the sample volume limiting flie assay duration. 

A second embodiment provides a heated cover for the microwell plate 
which allows the plate to move undo: the stationary cover. The cover has a 
single qpening above the well aligned wifli the optical axis of the microscope. 
This opening permits dispensing into the active well while maintaining heating 
and limited circulation to the remainder of the plate. A space between the 
heated cover phite and microweU plate of proximately 0.5 mm allows free 
movemait of the microwell plate and minimizes ev^oration. As the contents of 
the interrogated well are exposed to ambient conditions though the dispenser 
opening for at most a few seconds, said contents suffer no significant 
1 5 temperature change during the measurement. 

hi a third embodiment, a thin, heated sapphire window is used as a plate 
bottom enclosure. A pattern of resistive heaters along the well separators 
maintain the window temperature at the desired level. 

In additional embodiments, tiie tiiree disclosed methods can be variously 
20 combined. 

In an additional preferred embodiment of the invention, employed in 
automated screening assays, flie imaging system is integrated with plate- 
handling robots, such as the Zymaik Twister. 

25 Data Processing System 

Figure 6 shows a schematic illush^on of data processing components of 
a system arranged in accordance witii tiie invention. The system, based on the 
Amersham Biosciences IN CeU Analyzer™ system, inchides a confocal 
microscope 400 as described above, which includes the detectors D,, Dj, D3, D4, 

30 D5, the switch SW, a control unit 401, an image data store 402 and an 
Input/Output (I/O) device 404. An associated computer terminal 405 includes a 
central processing unit (CPU) 408, memory 410, a data storage device such as a 
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hard disc drive 412 and I/O devices 406 which feciKtate interconnection of the 
compnter with ttie MDPU and the comber with a display element 432 of a 
screen 428 via a screen VO device 430, respectively. Operating system 
programs 414 are stored on the hard disc drive 412, and control, in a known 
manner, low level c^eration of tihe compatac tenninal 405. Program jBles and 
data 420 are also stored on the hard disc drive 412, and control, in a known 
manner, ou^mts to an operator via associated devices and ou^ut data stored on 
the hard disc drive. The associated devices include a di^lay 432 as an element 
of the sareen 428, a pointing device (not shown) and keyboard (not shown), 
which receive input fiom, and output ii^ormation to, the opoator via further VO 
devices.(not shown). Included in tbe program files 420 stored on the hard drive 
412 are an image processing and analysis plication 416, an assay control 
application 418, and a database 422 for storing image data received fiom the 
microscope 400 and oulput files produced during data processing. The image 
processing and analysis plication 418 may be a customized version of known 
image processmg and analysis software packages, such as hnage-Pro™ fiom 
Media Cybernetics. 

ITie performance of an assay using the confocal microscope 400 is 
controDed using control application 418, and the image data are acquired. After 
the end of acquisition of image data for at least one well in a microtiter plate by 
at least one detector Di, D2, D3. the image data are transmitted to the computer 
405 and stored in the database 422 on the computer terminal hard drive 412, at 
which point the image data can be processed using the image processing and 
analysis application 416, as will be described in greater detail below. 

T-iiminRgrpnt P«* porters Expressed in CelLs 

Numerous variations of the assay methods described below can be 
practiced in accordance with the invention. In general, a characteristic spatial 
and/or temporal distribution of one or more luminescoice reporters in cells is 
used to quantify the assay. Advantageously, luminescence is observed fiom an 
essentially planar surfece using a line-scan confocal microscope as described 
above. 
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In preferred embodiments of the invention, luminescent reporters are 
provided in a manner as described in our previous Litemational patent 
appMcation PCT/ GBQ2/004258. The position in the ceU cycle of a population 
of cells is determined by: 
5 a) expressing in the cells a nucleic add rqM>rter construct, 

preferably a DNA consfaiict, comprising a nucleic acid sequence encoding a 
detectable live-cell rgjortrar molecule operably linked to and under the control 
of: 

O at least one ceU cycle phase-spedfic expression control 

10 element, and 

ii) a destruction control element; 

whadn said rq)orter construct is expressed in a cell at a 
predetermined point in the cell cycle; and 

b) detennining the position of cells in the ceU cycle by monitoring 
15 luminescent signals emitted by the reports- molecule. 

The nucldc add reporter construct is also preferably linked to and under 
flie control of a ceU cycle phase-specific spatial localisation control element 

The ceU cycle phase-specific expression contiol element is typically a 
DNA sequoice that cootiols transcription and/or faanslation of one or more 
20 nucldc add sequences and permits the cell cycle specific control of expression. 
Any expression control element that is specifically active m one or more phases 
of the cell cycle may suitably be used for construction of the cycle position 
reporter construct. 

Suitably, the cell cycle phase spedfic expression control element may be 
25 selected fiom ceU cyde specific promoters and oth&r dements that mfluence flie 
contiol of transcription or tiBnslation in a cell cycle specific manner. Where tiie 
expression control dement is a promoter, tiie choice of promoter will depend on 
the phase of the cell cycle selected for study. 

Suitable promoters inchide: cyclin Bl promoter (Cogswell et al, Mol. 
30 Cell Biol.. (1995), 15(5). 2782-90, Hwang et al, J3iol.Chem.. (1995), 27Q(47). 
28419-24, Piaggio et al, Exp. CeU Res., (1995), 216(2), 396-402); Cdc25B 
promoter (Komer et al, J3iol.Chem., (2001), 276(13), 9662-9); cyclin A2 
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prcnnoter Oiengldn ^ al, Proc>?atAcad.Sci.USA, (1994), £1(12), 5490-4, 
Zwicker et al, Embo J., (1995), 14(18), 4514-22); Cdc2 promoter (Tommasi and 
Pfeifer, Mol. Cell Biol., (1995), 15(12), 6901-13, Zwicker et al, Embo J (1995), 
14(18), 4514-22), Cdc25C promoter (Komer and Muller, JJBioLChem., (2000), 
275(25), 18676-81, Komer et al, Nucl. Adds Res., (1997), 25(24), 4933-9); 
cycHn E promoter (Botz et al, Mol. Cell Biol., (1996), 16(7), 3401-9, Komer 
and Muller, J3iol.Chem., (2000), 225(25), 18676-81); Cdc6 promoter 
(Hateboer et al, Mol. CeU Biol., (1998), 18(11), 6679-97, Yan et al. 
ProcJ^atAcad.Sci.USA. (1998), 25(7), 3603-8); DHFR promoter (Shimada et 
al, moLChem., (1986), 261(3), 1445-52, Shimada and Nienhnis, JJBiol.Chem., 
(1985), 260(4), 2468-74) and faistones promotes (van Wijnen et al, 
ProcJNaLAcad.Sci.USA, (1994), 91, 12882-12886). 

Suitably, the cell cycle phase specific expression control element may be 
selected firan cell cycle specific IRES elements and other elements that 
influence the control of translation in a ceU cycle specific manner. An IRES 
element is an internal ribosomal entry site that allows the binding of a ribosome 
and the initiation of translation to occur at a region of mRNA which is not the 
5'-capped region. A cell cycle-specific IRES element restricts cap-independent 
initiation of translation to a specific stage of the ceU cycle (Sachs, AB., Cell, 
(2000), lOL 243-5). Where the expression control element is selected to be an 
IRES, suitably its selection will depend on the cell cycle phase under study, hi 
this case, a constitutively expressed (e.g. CMV or SV40) or inducible (e.g. pTet- 
on pTet-off system, Clontech) promoter may be used to control the transcription 
of the bicistronic mRNA (Sachs, A.B., Cell, (2000), lOL 243-5). Alternatively, 
a non cell cycle phase-dependent IRES element (e.g. the EMCV IRES found in 
pIRES vectors, BD Qontech) may be used in conjunction with a ceU cycle 
specific promoter element. Alternatively, more precise control of expression of 
the reporter may be obtained by using a cell cycle phase specific promoter in 
conjunction with a cell cycle phase specific IRES element. 

IRES elements suitable for use in the invention include: C^-IRES 
(ComeKs et al, Mol. CeU. (2000). 5(4), 597-605); HCV IRES (Honda et al. 
Gastroenterology, (2000), 118, 152-162); ODC IRES (Pyronet et al, Mol. Cell, 
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(2000), 5, 607-616); omyc IRES (Pyronnet et al, MoL Cell, (2000), 5(4), 607- 
16) and p58 PITSLRE IRES (Comelis et al, Mol. Cell, (2000), 5(4), 597-605). 

Table 1 lists some preferred expression control elCTients that may be 
used in accordance with the hxveation, and indicates the cell cycle phase in 
5 which each element is activated. 



Table 1 : Cell Cycle Phase-Specific Expression Control Elements 



Elanent 


Timins 


Elonent 


Timing 


Cyclin Bl promoter 


G2 


DHFR promoter 


lateGl 


Cdc25B promoter 


S/G2 


Histones promoters 


late Gl^ 


Cyclin A2 promoter 


S 


G2-IKES 


G2 


Cdc2 promoter 


S 


HCVIRES 


M 


C<lc25C promoter 


S 


ODCIRES 


G2M 


Cyclin E promoter 


lateGl 


c-mycIRES 


M 


Cdc6 promoter 


lateGl 


pS8 PITSLRE IRES 


G2/M 



10 The destruction control element is a DNA sequence oicoding a protein 

motif that controls tibe destruction of proteins containing that sequence. 
Smtably, the destruction control elemrait may be cell cycle mediated, for 
exaniple: Cyclin Bl D-box (Glotzer et al. Nature, (1991), 34g, 132-138, 
Yamano et al, EMBO J., (1998), 17(19), 5670-8, Chite and Pines, Nature Cell 

15 Biology, (1999), 1, 82 - 87); cyclin A N-terminus (den Elzen and Pines, J. Cell 
BioL, (2001), 153(1), 121-36, Geley et al, J. CeU Biol.. (2001), 153, 137-48); 
KEN box (Pfleger and Kirschner, Genes Dev, (2000), 14(6), 655-65), Cyclin B 
(Yeh et al, Biochem Biophys Res Commun., (2001) 281. 884-90), Cln2 cyclin 
fiom S, cerevisiae (Berset et al. Mol. Cell Biol., (2002), pp4463-4476) and 

20 p27Kipl (Montagnoli et al. Genes Dev., (1999), 13(9), 1 181-1 189, Nakayama et 
al, EMBO J^, (2000), 19(9), 2069-81, Tomoda et al. Nature, (1999), 398(6723), 
160-5). 
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Table 2 lists destruction control elements that may be used according to 
the invention and indicates the cell cycle phase in which each element is 
activated. 

5 Table 2: Destruction Control Elements 



Element 


Tnninp 


CyclinBl D-box 

Cyclin A N-terminus 

KEN box 

p27Kipl 

CyclinB 

Cto2 


Metaphaso tihiough to Gl phase 
Prometaphase through to Gl phase 
anaphase/Gl 
Gl 

Gl/S boimdaiy 
Gl/S boimdary 



Ahematively, the destruction control element may be non cell-cycle 
mediated, such as PEST sequences as described by Rogers et al. Science. 
10 (1986), 234, 364-8. Examples of non ceU-cycle mediated destruction control 
elemraits include sequences derived from casein, ornithine decarboxylase and 
proteins that reduce protein half-life. Use of such non cell-cycle mediated 
destruction control sequences in the method of the invention provides means for 
determming the persistence time of the ceU cycle reporter following induction of 
1 5 expression by a cell cycle specific promoter. 

Suitably, the Kve-ceD reporter molecule encoded by the nucldc add 
sequence may be selected from the group consisting of fluorescent proteins and 
en2;>ines. Preferred fluorescent proteins include Green Fluorescent Protein 
(GFP) from Aequorea victoria and derivatives of GFP such as fimctional GFP 
20 analogues in which the amino add sequence of wild type GFP has been altered 
by amino add deletion, addition, or substitution. Suitable GFP analogues for 
use in the present invention include EGFP (Coimack, BJ>. et al. Gene, (1996). 
m, 33-38); BYFP and ECFP (US 6066476, Tsien, R. et al); F64I^GFP (US 
6172188, Thastiup, O. et al); BFP, (US 6077707, Tsien, R. et al). Other 
25 fluorescent proteins include DsRed, HcRed and other novel fluorescent proteins 
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Clontech and Labas, YJi. et al, Proc NaO Acad Sd U S A (2002), 92, 
4256-61) and Renilla GFP (Stratagene). Suitable csnzyme reporters are those 
which are capable of generating a detectable (e.g. a fluorescent or a luminescent) 
sigiial in a substrate for that enzyme. Particularly suitable enzyme/substrates 
5 mclude: nitroreductase/Cy-Q (as disclosed in WO 01/57237) and p- 
Iactamase/CCF4. 

In a preferred embodiment, the nucleic acid reporter construct may 
optionafly inchide a cell cycle phase-specific spatial localisation control element 
comprising a DNA sequence encoding a protem motif that is capable of 
10 controllmg the sub-celhilar localisation of the protein in a ceU cycle specific 
manner. Such a localisation control element may be used advantageously 
according to the invention where: 

i) a specific sub-cellular localisation of the reporter is desirable; 

and/or 

15 iO more precise determination of the cell cycle position is required. 

It may be required to determine the sub-cellular locaKsation of the 
reporter either to ensure its effective operation and/or destruction. More precise 
detennination of the ceU cycle position may be possible using a localisation 
- control element since this will permit measurement of both intensity and 
20 location ofthe reporter signal. 

Suitable spatial localisation control elements mclude those that regulate 
localisation of a cell cycle control protein, for example flie cyclin Bl CRS. 

The temi "operably Bnked" as used herein indicates that the elements are 
arranged so that they function in concert for their mtended purposes, eg. 
25 transcription initiates in a promoter and proceeds through the DNA sequence 
coding for the fluorescent protein of the invention. Figure 7 ilhistrates the 
general constraction of a DNA construct according to fte invention, in which 
Figure 7A shows a construct utihsing a cell cycle phase-specific promoter and 
no internal ribosome entry site (IRES) element. Figure 7B shows a construct 
30 utilising an IRES element to facilitate mammalian selection, and Figure 7C 
shows a constract utilising a constituitive or inducible mammalian promoter and 
a ceU cycle phase-specific IRES as the expression control element Jn each case 
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A represents a cell cycle phase-specific expressicm control promoter), B 
represents a cell cycle phase specific destruction control element, C represents a 
cell cycle phase specific localisation control element, D represents a reporter 
gaie, E rq>resOTts a non-cell cycle specific IRES elCTient, F represents a 
mammalian selectable marker, G represents a mammalian constitutive promoter 
and H rq)resents a cell cycle specific IRES element 

In a preferred embodiment of the invention, the construct comprises a 
cyclin Bl promoter, a cyclin Bl destruction box (D-box), a cyclin Bl 
cytoplasmic retention sequence (CRS) and a green fluorescent protein (GFP). 

In one embodiment, the nucleic acid reports construct comprises an 
e3q[>ression vector comprising the following elements: 

a) a vector backbone comprising: 

i) a bacterial origin of rq>lication; and 

ii) a bacterial drug resistance gene; 

b) a cell cycle phase specific expression control element; 

c) a destruction control element; and 

d) a nucleic acid sequence encoding a reporter molecule. 
Optionally, the nucleic acid reporter construct additionally contains a 

cell cycle phase-specific spatial localisation control element and/or a eukaryotic 
drug resistance gene, preferably a mammalian drug resistance gene. 

Expression vectors may also contain other nucleic acid sequences, such 
as polyadenylation signals, spKce donor/splice acceptor signals, intervening 
sequences, transcriptional enhancer sequences, translational chancer sequences 
and the like. Optionally, the drug resistance gene and the reporter gene may be 
operably linked by an internal ribosome entry site (IRES), which is either ceD 
cycle specific (Sachs, et al. Cell, (2000), lOL 243-245) or cell cycle independent 
(Jang et al, L Virology, (1988), 62, 2636-2643 and Pelletier and Sonenberg, 
Nature, (1988), 334, 320-325), rather than the two genes being driven from 
separate promoters. When using a non cell-cycle specific IRES element the 
pIRES-neo and pIRES-puro vectors commerdaUy available from Clontech may 
be used. 
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In a particular embodiment, the nucleic acid reporter constract is 
assembled ftom a DNA sequence encoding the cyclin Bl promoter operably 
linked to DNA sequences encoding 171 amino acids of the amino terminus of 
cyclin Bl and a DNA sequence encoding a green fluorescent protein (GFP) 
(Figure 8). The constract illustrated in Figure 8 contains a cyclin Bl promoter 
(A), cyclin Bl destruction box (D-box) (jB% cyclin Bl CRS (Q and a GFP 
reporter (D). Motifs controlling the localisation and destruction of cyclin Bl 
have all been mqiped to -150 amino acids in the amino terminus of the 
molecule. Consequenfly, an artifidal cell cycle marker can be constructed using 
only sequences from the amino terminus of cyclin Bl, which will not interfm 
with cell cycle progression smce it lacks a specific sequence, termed the cyclin 
box, (Nugent et al, J. CeU, Sci., (1991), 99, 669-674) which is required to bind 
to and activate a partner kinase. Key regulatory motife required from the amino 
terminus sequence of cyclin Bl are: 

i) a nine amino acid motif termed the destruction box (D-box). 
This is necessary to target cyclin Bl to the ubiquitination machinery and, in 
conjunction with at least one C-terminal lysine residue, this is also reqiiired for 
its cell-cycle specific degradation; 

ii) an approximately ten amino acid nuclear export signal (NES). This 
motif is recognised, either directly or indirectly, by exportin 1 and is sufiBcient 
to maintain the bulk of cyclin Bl in the cytoplasm throughout interphase; 

iii) approximately four mitosis-specific phosphorylation sites that are 
located in and adjacent to the NES and confer r^id nuclear import and a 
reduced nuclear export at mitosis. 

When expressed in a eukaryotic cell, the construct will exhibit cell cycle 
specific expression and destruction of the GFP reporter which parallels the 
egression and degradation of endogenous cyclin BL Hence, measurement of 
GFP fluorescence intensity permits identification of cells in the G2/M phase of 
the ceU cycle (Figure 9). Furthermore, since the fluorescent product of the 
construct will mimic the spatial localisation of endogenous cyclin Bl, analysis 
of the sub-cellular distribution of fluorescence permits fiulher precision in 
assigning cell cycle position. At prophase, cyclin Bl r^idly translocates into 
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the nucleus, consequently the precise localisation of GFP ftaoiescence in the 
ceU can be used to discriminate cells transitianing ftom interphase to mitosis. 
Once a ceD reaches metaphase, and the spindle assembly checkpoint is satisfied, 
cycKn Bl is very r^idly degraded, and consequently flie dis^pearance of GFP 
fluorescence can be used to idoitify cells at mid-M phase. 

Expresdon of the construct in a population of unsynchronised cells will 
resntt in each cell exhibiting cyclical raqnession and destruction of the 
fluorescent product firom the construct, resulting in a continuous bKhkmg pattran 
of fluorescence firam all cells in the population. Aoalysis of the fluorescence 
intensity of each cell with time consequently yields dynamic information on the 
cell cycle status of each cell. 

Further embodiments of tiie nucleic add rq)orter construct according to 
the first aspect may be constructed by selecting suitable alternative ceU cycle 
control elements, for exan^le fiom those shown in Tables 1 and 2, to design cell 
cycle phase rq^orters which report a desired section of the cell cycle. 

The construction and use of expression vectors and plasmids are well 
known to those of skill m the art. Virtually any mammaKan cell expression 
vector may be used in connection with the ceU cycle markers disclosed herein. 
Examples of suitable vector backbones which include bacterial and mammahan 
drug resistance genes and a bacterial origin of replication include, but are not 
limited to: pO-neo (Promega), pcDNA (hivitrogen) and pTriExl (Novagen). 
Suitable bacterial drug resistance genes include genes encoding for proteins that 
confer resistance to antibiotics including, but not restricted to: ampicillin, 
kanamydn, tetracyclin and chloramphenicol. Eurkaiyotic drug selection 
maricers inctode agents such as: neomycin, hygromycin, puromycin, zeocin, 
mycophenolic acid, histidinol, gentamycm and methotrexate. 

The DNA construct may be prepared by the standard recombinant 
molecular biology techniques of restriction digestion, Ugation, transformation 
and plasmid purification by methods famihar to those skiUed in the art and are 
as described in Sambrook, J. et al (1989), Molecular Cloning - A Laboratory 
Manual, Cold Spring Harbor Laboratory Press. Altemativdy, the construct can 
be prepared synthetically by established methods, e.g. the phosphoramidite 
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method described by Beaucage and Canrthers, (T^rahedron Letters, (1981), 22, 
1859-1869) or the method described by Matthes et al (EMBO J., (1984X 3, 801- 
805). According to the phoi^horamidite method, oligonucleotides are 
syntiiesised, e.g. in an automatic DNA synthesizer, purified, annealed, ligated 
and cloned into suitable vectors. The DNA constmct may also be pi^ared by 
polymerase chain reaction (PGR) using specific primers, for instance, as 
desisribed in US4683202 or by Saiki et al (Science, (1988), 239, 487-491). A 
review of PGR methods may be found in PGR protocols, (1990), Academic 
Press, San Diego, Galifomia, U.S A. 

During the preparation of the DNA construct, the gene sequence 
encodmg die reporter must be jomed in finame with the cell cycle phase specific 
destmction control element and optionally the spatial localisation control 
element The resultant DNA construct should then be placed under die control 
of one or more suitable cell cycle phase specific e3q>ression control elements. 

The host cell into which the constmct or flie expression vector containing 
such a constmct is introduced, may be any cell which is capable of expressing 
the constmct and may be selected firom eukaryotic cells for example, fi-om the 
group consisting of a mammalian cell, a fimgal cell, a nematode ceU, a fish cell, 
an amphibian cell, a plant cell and an insect cell. 

The prq)ared DNA reporter construct may be transfected into a host cell 
using techniques weU known to the skiUed person. One approach is to 
temporarily permeabilise the cells using either chemical or physical procedures. 
These techniques may include: electroporation (Tur-Kaspa et al, Mol. Cell Biol. 

(1986) , 6, 716-718; Potter et al, ProcJSratAcad.Sci.USA, (1984), 8L 7161- 
7165), a calcium phosphate based method (eg. Graham and Van der Eb, 
Virology, (1973), 52, 456-467 and Rippe et al, Mol. Cell Biol., (1990), 10, 689- 
695) or direct microinjection. 

Alternatively, cationic lipid based methods (eg. the use of Suparfect 
(Qiagen) or Fugene6 (Roche) may be used to introduce DNA into ceDs (Stewart 
et al. Human Gene Therapy, (1992), 3, 267; Torchilin et al, FASEB J, (1992), 6, 
2716; Zhu et al. Science, (1993), 26L 209-211; Ledley et al, J. Pediatrics, 

(1987) , no, 1; Nicolau et al, ProcNat Acad.Sci.,USA, (1983), 80, 1068; 
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Nicolau and Sene, BiochcanJBiophysj\cta, (1982), 721, 185-190). Jiao et al. 
Biotechnology, (1993), 11, 497-502) describe the use of bambardmeat mediated 
gene transfer protocols for transfcaiing and expressing genes in brain tissues 
which may also be used to transfer the DNA into host cells. 

A furber alternative method for transfecting the DNA construct into 
cells, utilises the natural aWlity of viruses to aiter cells. Such methods include 
vectors and transfection protocols based on, for example. Herpes snnplex vims 
(U.S. Pat 5288641), cytomegalovirus (Min^, Can. Top. Microbiol. Immunol., 
(1992), 158, 1), vaccinia virus (Baichwal and Sugden, 1986, in Gene Transfer, 
ed. R. Kucherlapati, New York. Plenum Piess. pi 17-148), and adenovirus and 
adeno-associated virus (Muzyczka, Cuir. Top. Microbiol. hnmunoK, (1992), 
158. 97-129). 

Examples of suitable recombmant host cells include HeLa cells, Vero 
cells, Chinese Hamsto: ovary (CHO), U20S. COS, BHK, HepG2, NIH 3T3 
MDCK, RIN, HEK293 and other mammalian cell Knes that are grown in vitro. 
Such cell lines are available fixmi the American Tissue Culture CoUection 
(ATCQ, Belhesda, Maryland, U.S.A. CeUs from primary ceU lines that have 
been established after ranoving cells from a mammal followed by culturing the 
cells for a limited paiod of time are also intended to be inchided in the present 
invention. 

Cell lines which exhibit stable expression of a cell cycle position reporter 
may also be used in establishing xenografts of engineered cells in host animals 
using standard methods. (Krasagakis, K.J et al. Cell Physiol., (2001), 182(3). 
386-91; Paris, S. et al, Clin.Exp.Metastasis, (1999), 17(10), 817-22). Xenografts 
of tumour ceU lines engineered to express cell cycle position reporters will 
enable establishment of model systems to study tumour ceU division, stasis and 
metastasis and to screen new anticancer drags. 

Use of engineered ceU lines or transgenic tissues expressing a cell cycle 
position reporter as allografts in a host animal will permit study of mechanisms 
affecting tolerance or rejection of tissue transplants (Pye D and Watt, D.J., J. 
Anat., (2001), 198 (Pt 2), 163-73; Brod, SJl. et al. Transplantation (2000), 
^(10), 2162-6). 
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10 



To perform the method for determining the ceU cycle position oif a cell 
according to the second aspect, cells transfected with the DNA reporter 
construct may be cultm-ed under conditions and for a period of time sufBcient to 
aDow expression of the reporter molecule at a specific stage of the cell cycle. 
Typically, expression of the reporter molecule will occur between 16 and 72 
hours post transfection, but may vary depending on the culture conditions. If the 
rq)orter molecule is based on a green fluorescent protein sequence the reporter 
may take a defined time to fold into a conformation that is fluorescent This 
time is dq>endent upon the jHimary sequoice of the green fluorescent protein 
d«ivative being used. The fluorescent reporter piotem may also change colour 
with time (see for example, Terskikh, Science, (2000), 290, 1585-8) in which 
case imaging is required at specified time intorvals following transfection. 

In tiie embodiment of flie invention wherein the nucleic acid reporter 
construct comprises a drug resistance gene, following transfection and 
expression of tiie drug resistance gene (usuaUy 1 - 2 days), cells expressing the 
modified reporter gene m^ be selected by growing the ceUs in the presence of 
an antibiotic for which transfected cells are resistant due, to the presence of a 
selectable marker gene. The purpose of adding the antibiotic is to select for 
cells tiiat express flie reporter gene and that have, in some cases, integrated the 
reporter gene, with its associated promoter, IRES elements, enhancer and 
termination sequences mto the genome of tiie cell line. Following selection, a 
clonal cen Ime expressing the consteuct can be isolated using standard 
techniques. The clonal ceU line may ihm be grown under standard conditions 
and win express reporter molecule and produce a detectable signal at a specific 
25 point in the cell cycle. 
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Examples o f Production o f Stable Cell T m^g 

Example 1 - Preparation o f DNA con5;tninf 

i) The N-terminal third of tiie cyclin Bl mRNA (amino adds 1- 
171), encoding tiie cyclin Bl destruction box and the NES was amplified wifli 
Hindm and BamHI ends using standard PGR techniques and flie following 
primers: 



wo 2004/088573 PCT/GB2003/003876 

36 

GGGAAGCTTAGGATGGCGCTCCGAGTCACCAGGAAC 
GCCGGATCCCACATATTCACTACAAAGGTT. 

ii) The gene for wtGEP was amplified wifli primers designed to 
introduce restriction sites that would feciKtate constraction of fusion proteins. 

5 The PGR product was cloned into pTARGET (Promega) accordmg to 
manu&cturer's instructions and mutations (F64L/S175G^E222<^ were 
mtroduced using the QuikChange site-directed mutagenesis kit (Stratagene). 
Constracts were verified . by automated DNA sequencing. DMA raicoding the 
nrataut GFP was then cloned downstream of the cyclin Bl N-teraiinal region 
10 using Bamm and Sail restriction sites. 

iii) The cell cycle dependent region of the cyclin Bl promoter (-150 
-> +182) was amplified with SacH and HSndm sites and cloned upslream of the 
Cyclin Bl N-termonal region and flie GFP fusion piotdn. 

iv) The promota- and recombmant protein encoding DNA was 
exdsed and cloned in place of the CMV promoter in a BgUI/Nhel cut pCI-Neo 
derived vector. 
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Example 2 - Effect of ceU cvcle h locldng agents on GFP fluorescence 
from cell cycle phase maiirer using transie ntly transfertP^ o^lle 

U20S cells (ATCC HTB-96) were cultured in wells of a 96 well 
microtitre plate. Cells were transfected with a cell cycle reporter construct 
prepared according to Example 1, comprising a cyclin Bl promoter operably 
linked to sequences encoding the cyclin Bl D-box, the cycUn Bl CRS, and GFP 
in a PCORON4004 vector (Amersham Biosciences) using Fugene 6 (Roche) as 
25 tiie transfection agent 

Following 24 hours of culture, ceUs were exposed to the specific ceU 
cycle blockers mimosine (blocks at Gl/S phase boundary) or demecoldne 
(blocks in M phase). Control cells were exposed to culture media alone. 

Cells were incubated for a further 24 hours and then analysed for nuclear 
GFP expression using a confocal scanning imager with automated image 
analysis (IN CeU Analysis System, Amersham Biosciences). 



30 
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Cells exposed to demecoldne showed increased fluorescence compared 
to control cells while cells exposed to mimosine showed decreased fluorescence 
compared to control cells. CeDs blocked in Gl/S phase (mimosine treated), 
prior to the time of activation of the cyclin Bl promoter, show reduced 
5 fluorescence, while cells blocked in M phase (demecolcine treated), prior to the 
time of action of the cyclin Bl D-box, show increased fluorescence. 

Example 3 - Microinjection of die construct 

HeLa cells were micro-injected with the construct prepared according to 
Example 1 and examined by time lapse microscopy. Differential interference 
contrast (DIG) images were made along with the corresponding fluorescence 
images. A cell in met^hase showed brig^ht fluorea:ence in the nucleus. The 
same ceU was imaged similarly at later times in anaphase and late anaphase. The 
Die images showed the division of the ceU into two daughter cells, the 
15 conespondrng fluorescence images showed the loss of fluorescence 
acconq>anying destanction of flje fluorescent construct as the cell cycle 
progresses. 
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Example 4 - Stable cell line production 

U2-OS ceUs (ATCC HTB-96) were transfected witii the construct 
described in Example 1 and grown for several months in culture media 
containing 1 mg/ml geneticin to select for cells stably expressing the construct 
A number of clones were picked by standard methods (e.g. described m 
Freshney, Chapter 11 in Culture of Animal Cells, (1994) Wiley-Liss Inc) and a 
clone containing fluorescent ceUs was isolated. This cell hne was mamtained at 
37"C in culture media containing 25 mM HEPES. 



Example 5 - Pr<>pari ^tion of a hrighter stable cell Imtt 
The green fluorescent protein reporter sequence in the vector described 
30 in example 1 was replaced with enhanced GFP (EGEP; Coimacfc, BP. et al, 
Gme, (1996). 173, 33-38; BD Clontech) by standard mefliods. The EGFP gene 
is a brighter form of GFP containing the mutations F64L and S65T. In addition. 
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EGFP contaiiis codoDS tbat have becm altered to optimise ejcpiession in 
mammalian ceUs. This new construct was transfected into U2-OS ceUs and a 
number of colonies were isolated by selection with geneticin followed by sorting 
of single cells using a fluorescCTice activated cell sorter. These clones showed 
brigihter fluorescence than those genaated in example 4 and as expected 
fluorescence intensity and location appeared to vary acconKng to the ceU cycle 
phase of the cell. 
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Assays and Im age Acq uisition 

According to embodiments of the invention, screening assays are 
ctfnducted using Hhraries of chemical conqjounds. One or more muMwell plates 
are prq)ared using a ceU line as described above. Whilst in the foUowing 
embodiments a ceU line including a cell cycle reporto- construct as described in 
Example 1 above is used, it should be appreciated that any other of the described 
15 embodiments of cen line can be used in alternative embodiments. AcontroUed 
amount of ceUs, refened to haein as a population is placed in a earner sohxtion 
in each of the wells of the plate and allowed to establish for a predetermined 
period, for example 24 hours. Next, a different one of the library of chemical 
compounds is added in a controlled concentration and amount to each of the 
20 wells and aflowed to stand for a predetemiined period, for example 24 hours, hi 
some embodiments of the mvention, a nuclear stain is added before imaging is 
conducted, hi other embodiments of the invention, no nuclear stain is added 
before imaging is conducted. Next, imaging is conducted for each weU of the 
plate in turn, using a confocal microscope as described above. A small area in 
25 the centre of each well, at the bottom of the well, is imaged to acquire image 
data in one or more chaimels of tiie selected area. The fluorescence detected in 
the confocal microscope is converted into one or more digital images in which 
the digital vahies are proportional to the intensity of the fluorescent radiation 
incident on each pixel of the detection device. 
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Image Processing and Analysis 

In gena:al tbe processing and analysis of the image data in accoidance 
wifli Hhc iaveoAon comprises a number of discrete steps. The image data are 
analyzed to identify areas of image data corresponding to individual cells. Such 
5 object areas may be sub-cellular conq>onents of individual cells, such as the cell 
nuclei. A binary mask is generated from one of the digital images in which all 
values meeting one or more critoia are replaced by one, all values failing to 
meet flie cxHsxia. are replaced by zero. GeneraUy, the one or more criteria 
inchide a threshold vahie determined from an image taken in a iset-up procedure * 
10 for the assay. Themaskissearchedforgroiq)sof contiguous value-one pixels to 
identify the object areas corresponding to individual cells. Next, measuiCTients 
are made on the individual cells using the identified object areas. Classification 
rules are qjpUed to the measuremoits to classify individual cells into a selected 
one of a plurality of sub-populations of cells in different cell cycle phases. For 
15 each identified object area, values of flie corre^onding pixels in the same image 
or in another image are analysed. Measurements relating to the identified 
object areas are calculated from flie positions of pixels in ttie image and ttie 
intensities of pixels in the image. The classification rules are appUed to the 
calculated measurements to classify each identified ceU in an analysed part of 
20 the image in him, and the classification data are written to an output data file for 
the assay. In this way, it is possible to determine, in a high throughput 
automated process, cell cycle phase data indicative of the relative sizes of the 
plurality of sub-populations in the population of cells. The process is repeated 
in quick succession for each of tihe one or more images acquired in each of the 
25 wells of the plate in turn. 

First Embodiment 

The cell cycle phase marker used has a fluorescence signal that varies 
according to the phase of the cell cycle of the cell in a maimer which is 
30 iUustrated in Figure 10. Four different patterns can be distinguished in this 
embodiment of the invention: 
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1. GO/Gl/S phase celb have relatively low expression of the cell cycle 
phase marker, both in the nucleus and the cytoplasm; 

2. G2 cells have relatively low nuclear, and relatively high cytoplasmic, 
expression of the cell (^cle phase marker 

3. M cells have relatively high nuclear expression, witii substantially no 
cytoplasmic expression of the cell cycle phase markei; 

4. P cells have relatively high nuclear, and relatively high cytoplasmic, 
expression of the cell cycle phase marker. 



20 



10 Object area identification 

A nuclear marker, producing fluorescence at a wavelengttt difierent to 
that of the cefl cycle phase marker, is used in this embodimeant to identify 
nuclear areas for each cell under analysis in the image data. The nuclear marker 
may be one of flie toxic intercalating nuclear dyes (such as DRAQ5™ or a 
15 Hoechst™ dye, for example Hoedist 33342). Altranatively, in assays in which 
the same ceU population is imaged and analysed to detennine its relative cell 
cycle sub-populations a wunbcr of times during a time course study, a non-toxic 
nuclear marked may be used. Such a non-toxic marker may be in the form of an 
NLS-fluorescent protein fiidon. For example, the Clontech™ pHcRedl-Nuc 
vector, when transfected into a cell line in accordance with the present 
invaition, produces a red fluorescence signal in the nucleus. During image 
acquisition, an image of the ceU nuclei is acquired in a first channel 
correspondiiig to the nuclear marker, a cell cycle phase analysis image is 
acquired in a second channel corresponding to the cell phase marker, and tiie 
25 two images are coregistered such that the pixels of each image are aligned. 

The cell nuclei image is analysed first to identify nuclear areas in the 
image data. The operator sets a nuclear signal threshold in the cell nuclei image 
by visually inspecting the image and the corresponding thresholded image to 
ensure that the threshold accurately differentiates the edges of the nuclear areas. 
30 A segmentation algorithm, for example a watershed segmentation algorithm (S. 
Beucher, F. Meyer, "Moiphological Segmentation". Journal of Visual 
Communication and finage Representation, 1:21-46, 1990 and Vincent, SoiUe, 
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IEEE Transactioiis an Pattem Analysis and Machine IhtelUgence. 13:583-598, 
1991) is ^lied to the thresholded image to uniquely identify the area of the 
nucleus of each individual cell being analysed. 

From each nuclear object area identified, two binary masks, dining 
object areas in whidi the cell measurements are to be taken, are generated - an 
eroded nuclear mask (to ssmple the cell cycle phase maiker intensity signal in 
the central part of nucleus) and a thin cytoplasmic ring (to sample the cell cycle 
phase marko- inteoraty signal in the cytoplasm near the nucleus). The nuclear 
object area is eroded firan the edge of the nuclear object by a predetermined 
number of pixels, for example three pixels, to generate the eroded nuclear mask. 
To aerate the fliin cytoplasmic ring, represoiting the cytoplasmic area 
adjacent to the nucleus, the nuclear object is dilated from its edge by a 
predetermined number of pixels, for example two pixels. 

Measurements on indiviHnal r^Us 

The two masks, generated for each individual cell as desmbed above are 
then ^lied to the cell cycle phase analysis image. 

The fluorescence signal intensities in each pixel in the eroded nuclear 
mask area are averaged to produce an average nuclear signal intensity (/,) 
which represents the average intensity over the nuclear area. 

The fluorescence signal intensities in each pixel in the thin cytoplasmic 
ring are av^ged to produce an average cytoplasmic signal intensity (/^) 
representing the average intensity witiiin cytoplasmic sampling ring. Note tfiat, 
in the case of a mitotic ceU, the "cytoplasmic" hmiinescence signal intensity, 
whilst taken in an area geaeraOy corresponding to a cytoplasmic component of a 
selected ceU, is mainly outside the bounds of the ceU (and therefore tends to be 
relatively low.) 

The ratio of the two measured svenge intensities is then taken to 
generate the nuclear/cytoplasmic ratio (^), rq>resenting the ratio of nuclear 
and cytoplasmic average inteosities. 
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Classification of cells 

Three furttier thresholds are set by the operator, by inspecting the cell 
cycle phase analysis image and the measuiCTients output for selected objects in 
the image, to enable the automatic classification process. The operator manually 
selects cells corresponding to each of the different cell cycle phases and sets the 
thresholds to accurately differentiate between fhem. 

The nuclear direshold (T^ ) is set to separate GO/Gl/S and G2 phase cells 
firom M and P phase cells. The value is selected to be qyptoximately midway 
between that of typical M and P phase cells, which have relatively high average 
nuclear signal intensity, and that of typical GO/Gl/S and G2 phase cells, which 
have relatively low average nuclear signal mtensity. 

The cytoplasmic threshold (r^) is set to separate GO/Gl/S phase cells 
from G2 and P phase cells. The value is selected to be approximately midway 
between that of typical G2 and P cells, which have relatively high average 
cytoplasmic signal intensity and that of typical GO/Gl/S ceUs, which have 
relatively low average cytoplasmic intensity signal. 

The nucleai/cytoplasmic intensity threshold (7^,^) is set to separate M 
phase cells &om P phase cells. The value is selected to be approximately 
midway between the nuclear/cytoplasimc ratio for typical M phase cells, which 
is relatively low, and that of typical P cells, which is relatively high. 

These thresholds are set by the op^tor selecting individual cell objects 
(for exanq>le by right-clicking a mouse when pointing at the relevant nucleus on 
screen). The comparison is repeated in a number of different wells of a plate, to 
ensure consistency of the settings across the whole assay. 

A threshold selection can alternatively be made based on automatically- 
generated histograms or scatter-plots of the corresponding parameters in each 
well. The thresholds tiiemselves may also be determined automatically by the 
image processing ^plication, based on measuring signals in'a control well and 
adjusting the threshold to ^ure that fliere is an expected proportion of cells 
seen in each cell cycle phase. Alternatively, automated tihreshold selection can 
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be performed by pattern recognition in the scatter plots or other data 
representation. Further alternatively, the image processing application may be 
adapted to leam to select thresholds based on the manual selections performed 
by the user in past assays. 
5 Once the Otreshold values are selected, the automated classification 

process can be conducted on all image data acquired in the assay. The 
classification rules used to identify cell phases with the reference to the 
thresholds are in this CTibodiment as follows: 

10 ^{l„^T„AM>I^:^TjTHEti objects GO/ Gl/S. 

Jfil„^T„ANDI^>T,)THm object ^G2. 



15 



20 



If^/„>r„ A]SID|^:^r„,,j THEN object 
Jf^I„ >r„AND^>r„,^j THEN object^M 



Data output. 

The results of the classification for each well, or at least some wells, of 
each plate m the assay is ou^ut as a data file inchiding, against each well 
identifier, cell cycle phase population data ou^ut in the form of a percentage of 
the population (the sub-population) in each of the GO/Gl/S, G2, M and P phases 
of the cell cycle. In addition, or alternatively, cell cycle phase data may be 
output on a per-cell basis, once the cell cycle phase of tihe cell has been 
25 identified. 



Example of results obtgin ed usinp this embodiment 
Figure 11 shows the results obtained in one assay performed in 
accordance wifli the invention. Stably transfected U20S Cells were treated with 
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cdlher colchicine (an M phase blocking dmg) or mimosine (an agent known to 
cause a block in GO/Gl/S cell phase). Cells, including unsynchronised cells as a 
control, were analysed using the method of the present invention. Similar 
results WCTe obtained when the ceDs were analysed by Fluorescence Activated 
Cell Sorter (FACS) analysis, indicating that the method of the invention reliably 
distinguished the cell cycle phases. 

Second "p^rphndimmt 

This embodiment is based upon the first embodiment, using a procedure 
as described above and with an adapted cell classification process. An 
additional measurement parameto; based on those described above, is 
calculated for each ceU. Using this additional parameter, the ceU classification 
rules can be based upon a reduced number of thresholds. This has the advantage 
of shraightforward visualisation and flierefore is more intuitive and accessible, 
15 and onfy two classification tiireshQlds need to be defined. 

ta this embodiment the additional parameter is defined as follows: 

where R is the nuclear/cytoplasmic ratio. This parameter is an absohite 
value (magnitude), and its value is used to differentiate between differences of 
20 the cell phases in combination with the average nuclear intensity signal/. . 

The operator sets classification tiiresholds in a manner similar to that 
described above, however in this embodiment tiiere are only two to be set Hie 
nuclear thrediold (rj is set to separate GO/Gl/S and G2 phase cells from M and 
P phase cells. The value is selected to be approximately midway between that of 
25 typical M and P phase cells, which have relatively high average nuclear signal 
intensity, and that of typical GO/Gl/S and G2 phase ceUs, which have relatively 
low average nuclear signal intaisity. 

A second threshold (T^) is set to separate GO/Gl/S and P phase cells 
fiom G2 and M phase cells. The value is selected to be ^proximately midway 
between that of typical GO/Gl/S and P phase cells, which have a relatively high 
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value of the parameter p and that of typical G2 and M phase cells, which have a 
relatively low value of the parameter p. 

The classification rules used in this embodiment are as follows: 

5 If(/, ^T„AHD^-J^^T^)tHEN obfect = GO/Gl/S. 

If (/„ < r„ AND)1 -R\> T^) THEN object = G2. 
If (/. >T„A^HD^-R\^T^)THE^i obJect==P 
If (/, >3;ANDjl-i?j>r^) THEN object =M 
A schematic illustration of these classification rules is shown in Figure 12. 
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15 Third embodimfmt 

The method of this embodiment provides a process for automatically 
classing cells in different phases of the ceU cycle based only on the cell cycle 
phase marker signal, and obviates the need for the use of a nuclear marker. An 
image is acquired in only the channel corresponding to the fluorescence of the 

20 cell phase marker fluorescence. A cell segmentation algorithm is applied once 
the image is thresholded to produce a binary cell mask for each cell. The vt^ole 
ceU mask is generated using a signal thrediold set by the operator by selecting 
typical GIS cells in the image and setting the threshold higher than the average 
nuclear signal intensity in these cells. 

tS Cell cycle phase analysis is then based on combination of intensity, 

signal texture, size and shape parameters, specific for each of the phases of cell 
cycle. Cells &om different cell cycle phases are identified via the setting of 
corre^onding classification tiuesholds, as described in fiirttia- detail below. 

Exemplary measurCTiait parameters calculated by flic image processing 

0 and analysis software ^Hcaticm in this embodhnent include: 
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I - Average intensity of signal Tvifliin the cell; 

F - Fraction of pixels that deviate more than 10% fiom average signal 
^fliin the cell; 

^r- Heterogeneity, the area of the holes (groups of pixels with intensity 
below Ifae Hue^oItQ inside the obfect; 

A - Aspect fbs ratio between major and minor axes of cell outline 
(nearest-fit elapse); 

R - Radius, the maximum width of the cell; 
X - Length, average width of the cell; 
C - Clumpiness (signal texture); 
M— Margination. 

Specific combination of the parameters, and their relationships to 
thresholds which are set based on cell type and on a per-assay basis, are used as 
classification rules for each of the cell phases to be idaitified in the automated 
cell classification process. The phases to be identified preferably include each 
of GO/Gl/S, G2, M and P phase cells. Furthennore, in this embodiment the 
mitotic cells can be distinguished into MP (metaphase) cells. A (anaphase) cells, 
T (telophase) cells and C (cytokinesis) cells. Schematic illustrations of the 
signal intensities and distributions of the fluorescent reporter in these cell cycle 
phases are shown in Figure 13. Early Gl phase cells can also be distinguished 
in tiiis embodiment 

An exanq>le of a set of classification rules to be used in this embodimrait 
is as follows: 



earlyGl 


= KlOO, A>7. J, H<=20, 0<F<0.1 


Gl 


= I<100,H>20,F<0.1 


G2 


= I<40, KlOO, F>0.1, H>=0, 13O40 


P 


= I>100,H<10,L>^5 


MP 


= 1>100, A<1.5, R<40, L<=45, V>0.5 


A 


= KlOO, A<1.5, R<40, L<^5J, F=0, T^O 


T 


= KlOO, A>1.5, I>55, H=0, F=0 


C 


= K=100, A<1.5, R<7(?, H<=20, F<0.2, T=0 
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Here, bold marked thresholds are reset by the operator for each assay, 
and italic marked thresholds are size/cell sh^e-dependent and are reset only if a 
different cell type is used. 

Note that, altibough the margination parameter Mis not used in the above 
example set of classification rules, it can be used in an alternative set. 

The above embodiments are to be understood as illustrative examples of 
the invention. Further embodiments of the invention are envisaged. Note that 
the term 'luminescence'* as used herein is intended to include the phenomena of 
fluorescence and other types of luminescence such as chemihmiinescence and 
phosphorescence. The cell cycle position of the cells may be determined in 
various alternative embodiments of the invention by monitoring the expression 
of the reporter molecule and detecting luminescaice signals emitted by the 
reporter using an ^propriate detection device. If the reporter molecule 
produces a fluorescent signal, then, either a conventional fluorescence 
microscope, or a confocal based fluorescence microscope may be used. If the 
reporter molecule produces luminous light, then a suitable device such as a 
luminometer may be used. Usmg these techniques, the proportion of cells 
expressing the reporter molecule may be determined. If the DNA construct 
contains translocation control elements and the cells are examined using a 
microscope, the location of the reporter may also be determined. In the method 
according to the present invention, the fluorescence of cells transformed or 
transfected with the DNA construct may suitably be measured by optical means 
in for example; a spectrophotometer, a fluorimeter, a fluorescence microscope, a 
cooled charge-coupled device (CCD) imager (such as a scanning imager or an 
area imager), a fluorescence activated cell sorter, a confocal microscope or a 
scaiming confocal device where the spectral properties of the cells m culture 
may be determined as scans of light excitation and emission. 

Whilst in the above embodiments, a processing method is used which 
uses pre-stored classification rules to classify a selected cell into a selected one 
of a plurality of sub-populations of cells in different cell cycle phases, other 
classification methods may be implemented, such as the use of a neural network. 
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It is to be linderstood that any feature described in relation to any one 
embodiment may be used alone, or in combination with other features described, 
and may also be used in combination with one or more features of any other of 
the embodiments, or any combination of any other of the embodiments. 
5 Furthermore, equivalents and modifications not described above may also be 
employed wi&out departmg from the scope of the invention, which is defined in 
the accompanying claims. 
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Clainis 

1. A method of determining cell cycle phase data for cells 
comprising at least one luminescent rq)ort^ equable of knitting radiation, flie at 
5 least one luminescent reporter comprising a first Imninescent reporter ^v^ch is 
capable of being indicative of at least one cell cycle phase, said method 
comprising: 

storing classification information for classifying individual cells into 
difTerent cell cycle phases using an automated classification process; . 
10 receiving image data created by detecting radiation emitted by said at 

least one luminescent reportei^ 

.analyzing said image data to identify object areas in the image data 
which correspond to individual cells; 

analyzing said image data, on the basis of said identified object areas, to 
15 determine, for a selected cell, one or more measurements including a 
measurement of a parameter relating to at least a cytoplasmic component of the 
cell; and 

q)plying said classification information to said measurements to classify 
the selected cell into a selected one of a plurality of sub-populations of cells, 
20 each sub-population having cells in a different cell cycle phase. 

2. A method according to claim 1, comprising analyzing said image 
data and applying said classification information to each of a plurality of 
selected cells, and generating, for said plurality of selected cells, cell cycle phase 
25 population data indicative of the relative sizes of said plurality of sub- 
populations in the selected cells. 
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3. A method according to claim 1 or 2, comprising performing the 
method with image data from a pliurality of wells containing cells, the said 
plurality of wells containing different test compounds. 
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4. A method according to any preceding claim, wheran the at least 
one hmiinescent reporter fiirther conq)rises a second Imninescent reporter 
indicative of the location of a sub-celhilar component in a cell, 

wherein said step of receiving image data comprises: 

a) receiving first image data created by detecting radiation emitted 
by said first Imninescent rqiortor; and 

b) receiving seccmd iniage data created by detecting radiation 
emitted by said second Imninescent reporter, 

wherein said step of analyzing said image data to identify object areas 
comprises analyzing said second image data, and 

wherein said step of analyzing said image data to determine one or more 
me^urements comprises analyzing said first image data. 



5. A method according to any preceding claim, wherein said object 
areas include, for a selected cell, a first type of object area and a second type of 
object area, and wherein said one or more measurements include a first 
measurement determined using said first type of object ai^ and a second 
measurement determined using said second type of object area. 

6. A method according to claim 5, wherein said first type of object 
area is identified using a process arranged to select a predominantly nuclear area 
of a cell. 

7. A method according to claim 5 or 6, wherein said second type of 
object area is identified using a process arranged to select a predommantly 
cytoplasmic area of a cell. 

8. A method according to claim 5, 6 or 7, wherein said classification 
information comprises a first classification rule which classifies a selected cell 
into a selected first one of the pluraUty of sub-populations of cells, the first 
classification rule taking mto account both said first measurement and said 
second measurement. 
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9. A mediod according to any of claims 5 to 8, wherein said 
classification information comprises a second classification rule which classifies 
a selected cell into a selected second one of the plurality of sub-populations of 
cells, the second classification rule taking into account both said first 

5 measurement and said second measurement 

10. A method according to any preceding claim, wherein said one or 
more measurements inchide a measurement of a cytoplasmic luminescence 
signal intensity, taken in an area generaUy corresponding to a cytoplasmic 

10 component of a selected cell. 

11. A method according to any preceding claim, wherein said one or 
more measurements include a measurement of a nuclear luminescence signal 
intensity, taken in an area generally corresponding to a nuclear componait of a 

15 selected cell. 



12. A method according to claim 10 and 11, wherein said 
classification information includes a rule operative to classify a selected cell, 
having a relatively low nuclear luminescence signal intensity and a relatively 
low cytoplasmic hmiinescaice signal intaisity, into a first cell cycle phase sub- 
population. 

13. A method according to claim 10 and 11, or claim 12, wherein 
said classification infonnation includes a rule operative to classify a selected 
cell, having a relatively low nuclear luminescence signal intensity and a 
relatively high cytoplasmic hmiinescence signal intensity, into a second cell 
cycle phase sub-population. 

14. A method according to claim 10 and 11, or claim 12 or 13, 
wherein said classification information includes a rule operative to classify a 
selected cell, having a relatively high nuclear luminescence signal ratensity and 
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a relatively low nuclear to cytoplasmic luminescence signal intensity ratio, into 
a third cell cycle phase sub-population. 



15. A method according to claim 10 and 11, or any of claims 12 to 

14, wherein said classification information includes a rule op^tive to classify a 
selected cell, having a relatively high nuclear luminescence signal intensity and 
a relatively high nuclear to cytoplasmic luminescence signal intensity ratio, into 
a fourth cell cycle phase sub-population. 

16. A method according to claim 10 and 11, or any of claims 12 to 

15, wherein said classification information takes into account a first parameter 
d^ved &om said measurements which, in combination with a second parameter 
derived fioin said measurements, uniquely identifies each one of four different 
cell cycle phase sub-populations. 

17. A method according to any of claims 1 to 3, \f^erein said step of 
receiving image data comprises receiving fijrst image data created by detecting 
radiation emitted by said fia:st luminescent reporter, and 

wh^in said step of analyzing said image data to deteimine one or more 
measurements comprises analyzing said first image data. 

18. A method according to claim 17, wherein said step of analyzing 
said image data to identify object areas comprises analyzing said first image 
data. 

25 

19. A metiiod according to claim 17 or 18, wherein said object areas 
are identified using a process arranged to select an area including both nuclear 
and cytoplasmic areas of a cell. 
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20. A method according to any of claims 17 to 19, wherein said one 
or more measurements include, for a selected cell, a first measurement 
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determined iising an id^tified object area and a second measurement 
detennined using an identified object area. 

21. A method according to claim 20, wherein said first and second 
5 measurements are determined using the same identified object area. 

22. A method according to claim 20 or 21, wherein said classification 
information comprises a classification rule which classifies a selected cell mto a 
selected first one of the plurality of sub-populations of cells, the classification 

10 rule taking into account botfi said first measurement and said second 
measurement. 

23. A method according to any of claims 17 to 22, wherdn said one 
or more measurements include a measurement of a luminescence signal 

1 5 intensity, taken in an identified object area. 

24- A method according to any of claims 17 to 23, wherein said one 
or more measurements include one or more measur^nents selected fiom the 
group consisting of: 

20 a parameter relating to an average signal intensity within an identified 

object area; 

a parametCT relating to a fraction of pixels that deviate more flian a given 
amount firom an average signal intensity within an identified object area; 

a parameter relating to the number of pixels with a signal intensity below 
25 a given threshold within an identified object area; 

a parameter relating to a ratio between m^or and minor axes of an 
elliptical outline corresponding to an identified object area; 

a parameter relating to a maximum width of an identified object area; 

a parameter relating to an average width of an identified object area; 
30 a parameter relating to signal texture within an identified object area; 

a parameter relating to margination in an identified object area. 
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25. A method according to any preceding claim, wherein said cells 
conq)rise a nucleic acid reporter construct, preferably a DNA construct, 
comprising a nucleic acid sequence ^coding a detectable live-cell reporter 
molecule operably linked to and under the control of: 

5 i) at least one cell cycle phase-specific expression control 

element, and 

ii) a destruction control element 

26. Apparatus arranged to perform the method of any preceding 

10 claim. 

27. Computer software arranged to perform the method of any 
preceding claim. 



15 



28. 



A data carrier storing the computer software of claim 27. 
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Figure 10 
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Figure 12 
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